Abstract. The effect of the retrogression and reaging (RRA) heat treatment on the correlation between microstructure, mechanical properties and susceptibility to stress corrosion cracking (SCC) of the 6061-T6 aluminium alloy in dry air and sprayed in 3.5% NaCl solution has been studied. The as-received T6 alloy was subjected to retrogression at temperature 200°C for 10 minutes, quenching for 30 seconds and reaging at temperature 180°C for 24 h. In this study, the effect of RRA on mechanical properties of the as-received 6061-T6 alloy was investigated by tensile test in air and sprayed in 3.5% NaCl solution. Alternate immersion preparation was conducted to expose the asreceived 6061-T6 alloys and RRA heat treated alloys into the corrosive environment, 3.5% NaCl solution for 20 days. The susceptibility to SCC was investigated by direct tension stress-corrosion (DTSC) tests sprayed in a 3.5% NaCl solution at crosshead speed of 0.2 mm/min; the loss of elongation (ELloss) was taken into account for the susceptibility to SCC. Generally, the RRA heat treatment improves the mechanical properties including yield strength, ultimate tensile strength and ductility. On the other hand, the RRA heat treatment decreases the susceptibility to SCC.
Introduction
Metals including aluminium alloys are important in structures of building and transportation vehicles component because of their strength, stiffness, toughness and tolerance of high temperatures. However, these metals are subjected to corrosion. Corrosion can take many forms; the form that concerns us here is the interaction of corrosion and mechanical stress to produce a failure by cracking. This type of failure is known as stress corrosion. Stress corrosion cracking (SCC) is an insidious form of corrosion; it produces a marked loss of mechanical strength with little metal loss; the damage is not obvious to casual inspection and the stress corrosion cracks can trigger mechanical fast fracture and catastrophic failure of components and structures [1] . Generally, the increase of matrix precipitate size can reduce the susceptibility to SCC by changing the slip planarity, which also can effectively decrease hydrogen atoms transported to the grain boundaries by dislocations to cause embrittlement [2] . In the T6 or T651 temper, the aluminium alloys can have the highest strength, but their corrosion resistance is poor and susceptibility to stress-corrosion cracking and exfoliation corrosion is quite high [3] . In the year 1974, Cina showed that 7xxx series of aluminium alloys are known to respond to retrogression and reaging heat treatment (RRA) and it was claimed to increase dramatically the SCC resistance of the material without sacrificing its maximum strength [4] . The RRA heat treatment consists of a two-step heat treatment applied to a material already in the T6 condition. The first step, retrogression, subjects the material to 200-240°C for a variable amount of time. The second step, reaging, is a heat treatment with similar conditions utilized for the original T6 aging [5] . Retrogression should be carried out at a temperature below the solvus line of the material, but high enough to allow for the partial or complete dissolution of small η′ particles. Reaging is done to bring the material back to its original yield strength (i.e., that of the T-6 temper) [6] .
However, the effect of a RRA heat treatment on mechanical properties of 6061 aluminium alloy such as strength and stress corrosion cracking resistance has not been deeply investigated. Therefore, it is necessary to investigate and improve the strength and stress corrosion cracking resistance of the aluminium alloy for further applications to the industries. The purpose of this study is to clarify the strength and susceptibility to stress corrosion cracking of the 6061-T6 aluminium alloy affected by the RRA heat treatment. 
Experimental Procedures
The material used was 6061-T6 aluminium alloy in the shape of flat plate with dimension 350 mm × 250 mm × 6 mm. The chemical compositions of the 6061-T6 aluminium alloy are listed in Table 1 . As-received 6061-T6 aluminium alloy flat plate were solution treated at 530°C for 4 hours, followed by quenching in water at room temperature and aging at 180°C for 8 hours. Specimens were machined from the flat plate. The specimen's dimension is shown in Fig. 1 . Part of the specimens were subjected to retrogression in the furnace at 200 °C for 10 minutes, follow by quenching in water at room temperature and reaging at 180°C for 24 hours.
Tensile test was conducted according to the ASTM B557. A minimum of five specimens, per heat treatment condition, was used for tensile test. The mechanical properties including 0.2% offset yield strength (YS), ultimate tensile strength (UTS), and elongation (ELair ) were tested by using the 10 kN INSTRON universal testing machine. Tensile specimens were tested in air with cross-head speed of 0.2 mm/min. The loaded (0.75 YS) specimens were alternately immersed (10 min immersion, followed by drying in air for 50 min) in a 3.5% NaCl solution (pH between 6.4 and 7.2) for a period of 20 days. The mechanical properties including 0.2% offset yield strength (YS), ultimate tensile strength (UTS), and elongation (ELNaCl ) were tested by using the 10 kN INSTRON universal testing machine. DTSC specimens were tested in air with cross-head speed of 0.2 mm/min. The fracture surfaces of specimens were observed using scanning electron microscope.
Results and Discussion
Mechanical Properties. The mechanical properties comparison of the as-received T6 alloy and RRA heat treated alloy tensed in air and 3.5% NaCl solution are listed in Table 3 . The results from both test shows that the 0.2% offset yield strength (YS), ultimate tensile strength (UTS) and elongation (ELair) of as-received T6 alloy were increased after subjected to the specified RRA heat treatment. The mechanical properties of the RRA heat treated alloys are better than those of asreceived T6 alloys. Increment results indicate the mechanical properties such as 0.2% offset yield Advanced Materials Research Vol. 845strength (YS), ultimate tensile strength (UTS), and percent of elongation (EL) of aluminium alloy can be increased by the RRA heat treatment. The mechanical strength improvements upon RRA can be correlated to the matrix structure. The retrogressed and reaged material has a matrix structure of coherent precipitates and it would account for strength levels equivalent to that of T6 and higher. Besides, the peak retrogression time for aluminium alloy is between 10 minutes to 30 minutes [7] . In addition, Ranganatha et al claimed that the tensile properties of the as-received T-6 alloy can be enhanced by introducing the retrogression treatment at 200 o C till 10 min because this resulted in optimum properties [8] . In this study, the retrogression time was limited at 10 minutes, therefore, the mechanical properties of RRA heat treated alloys is higher than that of as-received T6 alloys. Stress Corrosion Cracking (SCC) susceptibility. The SCC susceptibility comparison of the asreceived T6 alloy and RRA heat treated alloy are listed in Table 4 . The SCC susceptibility was evaluated from the loss of elongation (ELloss) defined as follows [2] :
Eq (1) where ELair is elongation in air while ELNaCl is elongation in NaCl corrosion environment. Since increasing ELloss indicated increasing SCC susceptibility, ELloss (%) is lower indicate that SCC susceptibility is lower. In other words, higher ELloss indicates higher SCC susceptibility and lower resistance to SCC [2] . From Table 4 , the ELloss (%) for RRA alloy is less than that of the T6 alloy. This indicate that RRA alloy is least susceptible to SCC. The resistance to SCC of RRA alloy is higher. Therefore, under the similar aged condition, the SCC susceptibility is more severe for T6 alloy, while the RRA alloy possesses the smaller SCC susceptibility. The application of RRA treatment resulted in a distinct decrease in susceptibility to SCC which means increase the resistance to SCC.
Microstructures Observation. By comparing the Figs. 3(a) and 4(a), the shearing of the asreceived T6 alloy and RRA heat treated are almost the same. It takes place at slope towards the fracture end point of specimen, and crack follows a local initiation and coalescence of microvoids at precipitates. The application of RRA does not dramatically affect the fracture which is caused by complex decohesion mechanism with contribution of the matrix shearing. The fracture surface becomes less developed and inclined to the fracture end point of the specimen at an angle close to 45°. The shear dimples form as a result of local decohesion at the interfaces, and are grouped in the bands parallel to the average shear direction [9] . However, the fracture surfaces of the RRA heat treated alloys demonstrate the macroscopic ductile effect. The fracture surface is relatively well developed, and numerous shear zones are inclined at various angles to the fracture end of the specimen. The ductile fracture caused by shearing of microvoids and development of dimples is prevalent. In addition, the shearing of the locally deformed matrix is the important fracture mechanism. By comparing the Figs. 3(b) and 4(b), the dimples of RRA heat treated alloys tensed in air as shown in Fig. 3(b) are shallower, more elongated and more prevalent if compare with those of the as-received T6 alloys tensed in air as shown in Fig. 4(b) . This indicates that the RRA heat treated alloys is more ductile than the asreceived T6 alloys. The ductile effect of RRA heat treated alloys is also represented by the higher elongation obtained in the tensile test. Besides that, the observed differences in susceptibility to SCC for as-received T6 alloys and RRA Heat Treated alloys may be considered also in terms of hydrogen-enhanced SCC models as suggested by Zielinski [9] .
Summary
The effect of RRA heat treatment on mechanical properties and susceptibility to stress corrosion cracking of 6061 aluminium alloy in different tempers can be summarized in the following: the RRA heat treatment increased the yield strength (YS), the ultimate tensile strength (UTS) and the ductility or elongation (EL) of aluminium alloys. Microstructure of RRA heat treated alloys shows the shallower and elongated dimples. It is more prevalent if compare with those of the as-received T6 alloys. The RRA heat treated alloys is more ductile than the as-received T6 alloys.
